The use of Reaction Control System jets become increasingly important as strides are made towards more accurate landings on missions to Mars. This work focuses on increasing understanding through qualitative and quantitative experiments conducted on an MSL aeroshell model fitted with transverse and parallel jets. Experiments were conducted using the Planar Laser Induced Iodine Fluorescence diagnostic technique for qualitative images. The experiment was conducted at Mach 12 with the model set at a twenty degree angle of attack in the freestream, at different thrust coefficients ranging from 0 to 3. It was found that the transverse jet affected the bow shock off the aeroshell and the parallel jet had little interaction. Current work involves updating the setup to obtain quantitative planar velocity data. The resulting data should yield greater understanding about the RCS jets and their interactions with the aeroshell and the freestream. It is anticipated that this data will also serve to validate CFD code for use in prediction of heating and induced moments on the aeroshell at the critical shoulder.
Introduction
To date, six vehicles have successfully landed on Martian soil. This is no easy feat considering the challenges for entry, descent and landing. The thinner Mars atmosphere is not sufficient to slow vehicles with ample time or altitude to maneuver to a safe landing location [1, 2] . Finding a relatively safe landing location, too, proves a challenge with rocks and craters strewn across the Mars landscape that could damage the landing vehicle [1] . As a result, in these previous missions, large landing footprints on the order of 100's of km have been chosen in relatively rock-free regions of Mars at low altitudes [1] . With the launch of the Mars Science Laboratory in late 2011, NASA hopes to make great strides in improving landing accuracy with a 10 km radius landing footprint, despite it being both larger and heavier than any previous Mars spacecraft [3, 4, 5, 6] . The improved accuracy of MSL will prove an advantage for subsequent robotic missions to Mars and critical for future manned missions to Mars which will require footprints on the order of 10's of meters [1, 7] .
In order to obtain these high accuracy landings -precision landing for MSL and pinpoint landing in the future -there is the need to navigate the vehicle to allow the vehicle to be in position for a safe landing [4] . This is done through the effective use of Reaction Control System (RCS) jets at altitudes where normal control surfaces prove ineffectual. RCS jets utilize yaw and roll commands in order to orient the lift vector of the entry vehicle to provide precision landings. Despite their use on other spacecraft, including the space shuttle, there is still much that is not fully understood about the aerodynamic interactions of the RCS jet on the aeroshell. Current concerns include augmented heating at the critical shoulder of the MSL when the RCS jets are fired and induced unwanted moments by the RCS jets [8] . It is important to better understand the aerodynamic interactions between a RCS jet and an aeroshell in order to improve this technology so that it can be reliably used in manned missions.
The objective of this study is to increase fundamental understanding of the aerodynamic interactions of the RCS jets with the MSL aeroshell in a hypersonic freestream through both qualitative and quantitative experiments completed at the University of Virginia. Experiments are conducted using to-scale models of the MSL aeroshell fitted with parallel and transverse jets using the Planar Laser Induced Iodine Fluorescence diagnostic method using various thrust coefficients.
II. Background

A. PLIIF Experimental Method
PLIIF:
Planar Laser Induced Iodine Fluorescence (PLIIF) is a method developed and used at the University of Virginia for over 20 years [11, 12, 13, 14] . It is a non-intrusive, spatially resolved, optical diagnostic technique that can obtain both qualitative and quantitative data. This method is advantageous over other techniques such as Schlieren or Rayleigh scattering methods because the technique provides adequate signal in both continuum and rarefied regimes which allows for a flowfield to be mapped accurately in any sort of mixed regime flow (such as one found in the RCS/MSL interaction) [11] . In this technique, the freestream and the RCS jet are seeded with iodine particles. A collimated laser beam from an Argon ion laser with a wavelength of 53.4 nm is focused on a plane of the flowfield, causing the iodine particles to fluoresce. The fluorescence signal is collected by a CCD camera that is situated perpendicular to the flow [13] . A picture of the wind tunnel and the optical setup for the method are shown in figures 1 and 2, respectively.
Figure 2-PLIIF Set Up Figure 1-Wind Tunnel Set Up Image
If one uses broadband excitation from the laser, the CCD captures signal from fluorescence over all its excitation levels to obtain planar high-resolution images of the flowfield. If one uses narrowband excitation, scanning across the argon profile, collection of the fluorescence by the CCD at each discrete frequency allows for extraction of data based on understanding of the iodine transitions to obtain quantitative data. Velocity is the most accurate of these quantitative methods. This method works due to Doppler shifting that occurs to a moving iodine particle when the laser hits it. If the iodine particle is moving towards the laser sheet, the iodine sees a higher frequency than it would otherwise. Likewise, if the particle is moving away from the laser sheet, it sees a lower frequency. By comparing these relative shifts in frequency for each point in the plane, one can obtain the velocity at that point. By scanning across the entire absorption and obtaining an image at each frequency, the absorption spectrum for each pixel, which corresponds to a specific point in the flow, can be reconstructed. Comparing this to the spectrum given from a low pressure static cell outside of the wind tunnel set up, will allow one to obtain the Doppler shift, corresponding to a change in velocity. Using two different laser sheet directions will allow one to obtain two components of velocity, thus giving a complete planar mapping of the flowfield [15, 16] . Temperature and pressure are obtained based on understanding how the transitions are affected by temperature and pressure. At different pressures and temperatures, the iodine changes its population within the transition. By comparing peak ratios of the transitions across the gain profiles or examining the specific shape of the profile within the hyperfine region, accurate temperature and pressure can be obtained [11, 17] . The Doppler shift is shown in Figure 3 below. Fluorescence is collected using an Andor iKon-L CCD camera with a 2kx2k CCD and cooled using a liquid Koolance system. The Andor camera system produces 16 bit images. Images are taken at different exposure times. The wind tunnel for this experiment is a low density, hypersonic wind tunnel which uses a freely expanding jet through an orifice [9] . As the jet freely expands, it creates a barrel shock, inside which the velocity of the flowfield ranges from sonic at the orifice up to Mach 16 at the Mach disk, where the Knudsen number approaches 1. Inside this barrel shock, a model can be placed at a calibrated point which allows for testing at a specific Mach number. The Mach numbers for the various distances from the orifice have been calculated using the work done by Ashkenas and Sherman based on work with freely expanding jets [10] . Equation 1 gives the Mach number versus distance along the freejet centerline where x is the distance from the orifice, normalized by the orifice diameter, D, M is Mach number, and constants A, γ, and x 0 /D are 3.65, 1.4, and 0.075 respectively for nitrogen (N 2 ) gas [10] . The visualizations for this work are conducted at Mach 12. This Mach number was chosen because the bow shock generated by the blunt body of the MSL model interacts with the freestream Mach disk/ barrel shock system. Working at a higher Mach number, or further downstream from the orifice, allows this interaction to be minimized. A vacuum for the wind tunnel is achieved by the use of three pumps -a Stokes MicroVac Pump, a Roots Rotary Vane Booster Pump and a Roots Rotary Vane High Pressure Pump. These pumps can achieve back pressures approximately 400 mTorr at a freejet total pressure of 1.8 atm [9, 12] .
Model Geometry:
Two MSL/RCS model configurations are examined in this investigation. The models are 2 cm (0.8 in) in diameter or 0.44% MSL model aeroshell. Both models' RCS jets are placed in identical locations on the models (downstream of the shoulder of the forebody) with an exit velocity of Mach 1(exit diameter of 0.5mm). The direction of the jet flow is different, however, with one jet exiting approximately perpendicular to the main freestream flow and the other jet exiting approximately parallel to the main jet flow as seen in Figure 4a . Both models are set at a 20 degree angle of attack inside the wind tunnel. A photograph of one RCS model is given in Figure  4b . It is anticipated that both of these configurations will yield information that is helpful for better understanding overall of RCS performance in response to yaw and roll commands. In order to compare the experiments with previous and ongoing work done at different facilities, it is necessary to examine the experiments with reference to a non-dimensional thrust factor. Here we use the nozzle-thrust coefficient which is the ratio of the jet thrust to the freestream dynamic pressure of the main flow times the frontal area of the aeroshell [10, 11] . The result in equation 2 was derived using isentropic relations:
Based on this equation, and also on nozzle-thrust coefficients previously used, it was decided to run the experiment with thrust coefficients from 0 to 3 in increments of 0.5 [15] . It should be noted that these nozzle thrust coefficient values do not represent those that would be used by the MSL RCS jets. Instead they were chosen for comparison with studies previously performed as well as comparison with CFD. For thrust coefficients of 1,2 and 3, the corresponding pressure ratios given by the equation at freestream Mach 10 and Mach 12 flow are given in Table 1 below. As shown in the table, the pressure ratios for Mach 10 conditions are higher, up to almost 3 times greater, than what is required for thrust conditions at Mach 12 conditions. Thus, the experiment was conducted with a freestream Mach number of 12, in order to provide the thrust coefficients of interest with the pressure ratio available in the experiment. 
A. Reaction Control System Jet Visualization
Images shown in Figure 5 and 6 are given for nozzle-thrust coefficients from 0.5 to 3.0 in increments of 0.5, focusing on the wind side of the RCS models. In each image, the model is oriented at a 20 degree angle of attack on its sting to the left of the image. The freestream flows from top to bottom, over the model, forming a bow shock from the aeroshell. The RCS jets, upon exiting the model at Mach 1, form a highly underexpanded jet with a welldefined barrel shock structure. Like with the underexpanded jet of the wind tunnel, this jet increases in Mach number reaching supersonic and hypersonic conditions before reaching a Mach disk. With an increase in thrust coefficient, the jet and its shock structure extend further beyond the model. In Figure 5 , there are a number of characteristics in the RCS transverse jet flow that become apparent. The first is the interaction of the aeroshell bow shock and the RCS jet barrel shock. As the nozzle-thrust coefficient increases, this interaction becomes more pronounced. Also, with increased thrust coefficient, the jet's Mach disk reduces in diameter until the barrel shocks merge. There is asymmetry in the RCS jet which exists at smaller thrust coefficients but is readily noticeable at higher thrust coefficient. This seems to be due to the interaction with the bow shock from the aeroshell. At higher nozzlethrust coefficients, the aeroshell bow shock is pushed upstream and curves more tightly around the model.
The parallel jet images (Figure 6 ), also show an asymmetry in the shape of the RCS jet. The shock structure for this jet is more clearly defined, including a pronounced Mach disk at higher nozzle-thrust coefficients. In comparing the bow shock shape throughout the series, there appears to be very little if any interaction between the aeroshell bow shock and the jet.
III. Current Research
Currently, work is being conducted to change the experimental setup to move from qualitative images to quantitative data. In order to do this, new hardware has been installed and so work is currently being performed to update the software necessary to automate the experiment to scan across the laser and obtain the necessary measurements and images. It is anticipated that results will be obtained in the next few months.
IV. Conclusions
Using Planar Laser Induced Iodine Fluorescence in a low density, hypersonic wind tunnel at the University of Virginia, images of MSL models fitted with Reaction Control System jets are obtained for nozzle-thrust coefficients of 0.5 to 3.0. These images show both transverse and parallel RCS jet interactions with the bow shock generated by the aeroshell. When the current work to obtain quantitative data is obtained, it is anticipated that the velocity flowfield will give greater understanding about the interactions between the aeroshell and the freestream. The experimental data will be also helpful in validating CFD code for the MSL entry conditions.
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